INTRODUCTION
============

Rice is a staple crop worldwide and a typical monocot model plant. Like other plant species, rice is faced with a variety of environmental stresses throughout its life cycle. Drought is a major abiotic stress responsible for the reduction of rice productivity worldwide. In addition, rice is often exposed to unfavorable temperatures below 20°C in the sub-tropical and high-elevation zones, leading to chilling injury. These stresses cause stunted growth, weakened photosynthetic ability, reduced tillering, delayed heading, and greatly reduced agricultural production ([@b2-molce-39-3-250]; [@b12-molce-39-3-250]; [@b19-molce-39-3-250]; [@b21-molce-39-3-250]).

Higher plants have developed molecular and physiological response mechanisms to tolerate such detrimental conditions. Under stress conditions, a series of signaling pathways regulate gene expression to produce various kinds of defensive proteins and molecules. Diverse sets of genes are induced under both drought and cold stress, but a subset of genes respond either only to dehydration or only to low temperature ([@b25-molce-39-3-250]). The presence of these suggests that there is cross-talk between drought and cold stress signaling pathways.

The ubiquitin (Ub)-mediated post-translational modification of proteins regulates numerous cellular processes, including cell cycle progression, environmental stress responses, and hormone signaling, ([@b14-molce-39-3-250]; [@b18-molce-39-3-250]; [@b31-molce-39-3-250]; [@b36-molce-39-3-250]). Recent studies show that U-box E3 Ub ligases are integrally involved in responses to biotic and abiotic stresses. In *Arabidopsis*, AtACRE276 (AtPUB17) was determined to be a U-box E3 ligase, which acts as a positive regulator of the hypersensitive response (HR) to pathogenic infection ([@b35-molce-39-3-250]). AtPUB18/AtPUB19 and AtPUB22/AtPUB23 function as ABA-dependent and ABA-independent negative regulators in drought responses, respectively ([@b3-molce-39-3-250]; [@b6-molce-39-3-250]; [@b17-molce-39-3-250]; [@b22-molce-39-3-250]). In addition, three homologous AtPUB22, AtPUB23, and AtPUB24 E3 ligases were proposed as negative regulators of plant defense responses to pathogen infection ([@b26-molce-39-3-250]; [@b30-molce-39-3-250]). Rice OsSPL11 is a negative regulator in the pathogenic defense reaction and HR-associated cell death ([@b37-molce-39-3-250]). OsPUB15 plays a role in reducing cellular oxidative stress and cell death during seedling establishment in rice ([@b20-molce-39-3-250]).

CaPUB1 (*Capsicum annuum* Putative U-box protein 1) is a hot pepper U-box E3 Ub ligase ([@b5-molce-39-3-250]). The *CaPUB1* gene activity was enhanced by environmental stresses, including drought and cold, in hot pepper seedlings. Transgenic *Arabidopsis* plants that constitutively expressing *CaPUB1* exhibited drought-sensitive phenotypes, suggesting that its function is to act as a negative regulator of the drought stress response.

In this report, *CaPUB1* was over-expressed in rice (*Oryza sativa* L.) and the phenotypic properties of transgenic rice plants were examined in terms of their drought and cold stress tolerance. *Ubi:CaPUB1* transgenic rice plants exhibited phenotypes hypersensitive to water deficit, implying that its function in drought stress responses is conserved in rice and *Arabidopsis*. In contrast, *CaPUB1*-overexpressing rice plants displayed phenotypes markedly more tolerant to prolonged low temperature (4°C) treatment than those of wild-type plants. These results suggest that *CaPUB1* plays an opposite role in the response of rice to drought and cold stress. These introduced the possibility that *CaPUB1* is involved in the cross-talk between drought and cold stress responses.

MATERIALS AND METHODS
=====================

Plant materials and growth conditions
-------------------------------------

Dry rice (*Oryza sativa* L. *japonica* variety 'Dong-jin') seeds were sequentially washed with 70% ethanol and distilled water. Rice seeds were sterilized with 0.4% NaClO solution for 30 min, rinsed with sterilized water, and germinated on half-strength Murashige and Skoog (MS) medium containing vitamins (Duchefa Biochemie, The Netherlands), 3% sucrose, and 0.7% phytoagar. Rice seedlings were grown for 10 days at 28°C under long-day conditions (16 h light/8 h dark), and then transplanted to soil in a growth chamber or greenhouse.

Generation of *Ubi:CaPUB1* transgenic rice plants
-------------------------------------------------

To generate *CaPUB1*-overexpressing transgenic rice plants, the full-length *CaPUB1* was introduced into the pGA2897 vector. The resulting binary vector was transformed into *Agrobacterium tumefaciens* strain LBA4404 via electroporation, as described by [@b23-molce-39-3-250], with some modifications. Wild-type rice embryonic calli were co-cultivated with *Agrobacterium* cells containing the *Ubi:CaPUB1* construct via the standard transformation method, as recently described by [@b38-molce-39-3-250]. The transformed callus tissues were selected based on their hygromycin resistance. Transgenic T0 plants were regenerated from selected calli as described by [@b4-molce-39-3-250], and T3 plants were used for the phenotypic analysis.

Genomic DNA extraction and genomic Southern blot analysis
---------------------------------------------------------

To identify independent lines of *Ubi:CaPUB1* transgenic plants, a genomic Southern blot analysis was performed. Total genomic DNA was extracted from leaves using CTAB solution (2% CTAB, 2% PVP-40, 1.4 M NaCl, 100 mM Tris-HCl, pH 8.0, and 20 mM EDTA). Total DNAs from wild-type and transgenic plants were digested with *Eco*RI restriction enzyme (Roche, USA), precipitated, and separated by electrophoresis on 0.8% agarose gels. The gels were serially soaked in depurination, denaturation, and neutralization buffer. DNA on the gel was transferred to a nylon membrane (GE healthcare, Sweden) via the capillary transfer method. The DNA gel blot was hybridized with ^32^P-labeled hygromycin B phosphotransferase (*HPT*) probe under high-stringency hybridization and washing conditions (65°C). The autoradiography signals were visualized using the Bio-Imaging Analyzer (BAS2500; Fuji Film, Japan).

RT-PCR and quantitative RT-PCR analysis
---------------------------------------

Total RNA was extracted from various tissues from 2-week-old and 2-month-old mature wild-type and *Ubi:CaPUB1* transgenic rice plants using Easy Spin Plant Total RNA Extraction kits (iN-tRON Biotechnology, Korea) according to the manufacturer's protocol. Single-strand cDNA was synthesized from 2 μg of total RNA with TOPscript Reverse Transcriptase (Enzynomics, Daejeon, Korea) and oligo (dT) primers as described by [@b10-molce-39-3-250]. For RT-PCR analysis, *CaPUB1* and *OsUBQ10* gene were amplified from synthesized cDNA product using a gene-specific primer set. Real-time qRT-PCR was performed using an IQ5 light cycler (Bio-Rad, USA) with SYBR Green Premix Ex TaqII (Takara, Japan), as described previously ([@b24-molce-39-3-250]). The *OsACTIN* was used as an internal control to normalize the data. The primer sets used in this study are listed in [Table 1](#t1-molce-39-3-250){ref-type="table"}.

Stress treatments of rice plants
--------------------------------

Wild-type and *Ubi:CaPUB1* transgenic rice plants were grown for 6 weeks under normal growth conditions and subjected to drought or cold stress. To examine the water stress responses, 10-day-old wild-type and *Ubi:CaPUB1* lines were transplanted into the same pot and grown in the growth chamber. Light-grown, 6-week-old plants were further grown without irrigation for 9 days, and recovered by re-watering. To investigate the effect of *CaPUB1* on cold stress tolerance, 6-week-old plants were transferred to a growth chamber maintained at 4°C for 6 days, after which plants were recovered at 28°C.

Analysis of drought and cold stress phenotypes of wild-type and *Ubi:CaPUB1* transgenic plants
----------------------------------------------------------------------------------------------

For water loss rate measurement of wild-type and *Ubi:CaPUB1* transgenic lines, the cut aerial parts of 5-week-old plants were incubated at 25°C under dim light and their weights were estimated at various time points. The water loss rates were expressed as a percentage of initial fresh weights as described previously ([@b7-molce-39-3-250]).

Total chlorophyll (chlorophyll a + chlorophyll b) was extracted from drought and cold stress-treated wild-type and *Ubi:CaPUB1* transgenic rice leaves as previously described ([@b15-molce-39-3-250]) with slight modifications. Chlorophyll content was estimated with a spectrophotometer (model DU800; Beckman Coulter). Chlorophyll a and chlorophyll b were measured at 664.2 nm and 648.6 nm, respectively. Total chlorophyll content was calculated using the following formula: chlorophyll a + chlorophyll b (mg/g DW) = 8.1 × (5.24 *A*~648.6~ + 22.24 *A*~664.2~)/DW.

An electrolyte leakage assay was conducted with the leaves of 5-week-old wild-type and *Ubi:CaPUB1* rice plants after 7 days of 4°C treatment. The conductivity of each sample was estimated before and after autoclaving with a conductivity meter (Orion Star A212, Thermo Scientific, USA).

RESULTS
=======

Generation of *Ubi:CaPUB1* transgenic rice plants
-------------------------------------------------

To investigate the role of *CaPUB1* in the environmental stress responses of crop plants, *CaPUB1* was constitutively expressed in rice under the control of the maize ubiquitin promoter (*Ubi*) via the *Agrobacterium*-mediated transformation method ([Fig. 1A](#f1-molce-39-3-250){ref-type="fig"}). The T0 transgenic plants regenerated from callus tissue were isolated according to their hygromycin resistance ([Fig. 1A](#f1-molce-39-3-250){ref-type="fig"}). Based on the semi-quantitative RT-PCR analysis, the mRNA level of *CaPUB1* was markedly enhanced in transgenic (lines \#1 and \#2) rice plants ([Fig. 1B](#f1-molce-39-3-250){ref-type="fig"}). The genomic Southern blot analysis indicated that these *CaPUB1*-overexpressing transgenic plants were independent lines and both possessed a single copy of the transgene ([Fig. 1C](#f1-molce-39-3-250){ref-type="fig"}). Next, we examined the developmental phenotypes of T3 *Ubi:CaPUB1* transgenic lines and compared them to those of wild-type plants. There were no detectable phenotypic differences between the transgenic and wild-type rice plants under normal growth conditions ([Fig. 1D](#f1-molce-39-3-250){ref-type="fig"}). These T3 *CaPUB1-*overexpressing transgenic plants were used for the subsequent phenotypic analysis.

Over-expression of *CaPUB1* in rice decreases tolerance to drought stress
-------------------------------------------------------------------------

To elucidate the effect of *CaPUB1* overexpression on abiotic stress responses in rice, we assessed drought stress tolerance. Light-grown, 6-week-old wild-type and transgenic (lines \#1 and \#2) plants were sown in the same pot and grown for 9 days without irrigation. These water-stressed plants were then irrigated normally. As shown in [Fig. 2A](#f2-molce-39-3-250){ref-type="fig"}, wild-type plants exhibited 76.3--80.4% survival rates after re-watering. However, only 14.6% of *Ubi:CaPUB1* line \#1 and 15.9% of *Ub:CaPUB1* line \#2 survived.

Consistent with survival rates, after drought stress the total chlorophyll content of wild-type leaves was much higher than that of *CaPUIB1*-overexpressing progeny. Wild-type and *Ubi:CaPUB1* leaves contained very similar amounts of chlorophyll a + chlorophyll b (8.5 ± 0.2 mg/g DW) under normal growth conditions ([Fig. 2B](#f2-molce-39-3-250){ref-type="fig"}). The chlorophyll content of detached wild-type leaves was reduced to 4.6 ± 0.2 mg/g DW after drought stress. However, *Ubi:CaPUB1* transgenic lines \#1 and \#2 exhibited pale green and bleached leaves, and their total chlorophyll contents were only 0.9 ± 0.1 mg/g DW and 0.8 ± 0.1 mg/g DW, respectively, after drought stress ([Fig. 2B](#f2-molce-39-3-250){ref-type="fig"}).

In addition, during dehydration *CaPUB1*-overexpressing rice plants lost water more rapidly than wild-type plants. The aerial parts of 5-week-old wild-type and transgenic rice plants were detached, incubated for 0--5 h at room temperature, and their water loss rates were monitored. After 1 h incubation, the aboveground parts of the wild-type and *Ubi:CaPUB1* (lines \#1 and \#2) plants retained approximately 84% and 80--81% of their fresh weights, respectively ([Fig. 2C](#f2-molce-39-3-250){ref-type="fig"}). After 4 h incubation, wild-type leaves lost approximately 45% of their starting weights, while those of transgenic lines lost almost 50% of their fresh weights ([Fig. 2C](#f2-molce-39-3-250){ref-type="fig"}). These results indicate that more rapid water loss occurred in *Ubi:CaPUB1* transgenic lines than in wild-type rice plants. Taken together, the over-expression of *CaPUB1* decreased drought-stress tolerance in rice, suggesting that negative role played by U-box E3 ligase CaPUB1 in response to drought stress is conserved in *Arabidopsis* ([@b5-molce-39-3-250]) and rice.

*Ubi:CaPUB1* transgenic rice plants are more tolerant to cold stress than wild-type plants
------------------------------------------------------------------------------------------

Because the *CaPUB1* transcript levels were elevated by cold temperature (4°C) as well as dehydration ([@b5-molce-39-3-250]), we next examined whether the constitutive expression of *CaPUB1* alters response to cold stress in rice. Both wild-type and *CaPUB1*-overexpressors were grown at 28°C for 6-weeks and subjected to cold stress (4°C) for 6 days. Then, they were transferred to a 28°C growth chamber and their growth was observed. After the cold treatment, all wild-type plants examined wilted, lost their chlorophyll, were unable to grow, and died, with survival rates of 0--2.8%. In contrast, most of the *Ubi:CaPUB1* transgenic rice plants displayed a healthy morphology and resumed growth. The survival rates of *Ubi:CaPUB1* transgenic lines \#1 and \#2 were 60.9% and 64.5%, respectively ([Fig. 3A](#f3-molce-39-3-250){ref-type="fig"}).

These results were further validated by measuring the total chlorophyll content. Both cold stress-treated wild-type and transgenic plants were allowed to recover for 7 days, after which their leaf chlorophyll contents were determined. Most wild-type leaves lost their green color after stress treatment and contained 1.2 ± 0.4 mg/g DW of total chlorophyll. However, *Ubi:CaPUB1* leaves retained 5.5 ± 0.7 mg/g DW (line \#1) and 5.1 ± 0.6 mg/g DW (line \#2) of chlorophyll a + chlorophyll b, respectively after low temperature treatment ([Fig. 3B](#f3-molce-39-3-250){ref-type="fig"}).

Subsequently, the mature leaves of 5-week-old wild-type and *CaPUB1*-overexpressing plants were exposed to 4°C for 7 days, after which their electrolyte leakage was determined. The results revealed that after cold treatment, the *Ubi:CaPUB1* leaves displayed lower conductivity means (8.8% for lines \#1 and \#2) than wild-type leaves (14.7%) ([Fig. 3C](#f3-molce-39-3-250){ref-type="fig"}). These results suggest that *Ubi:CaPUB1* transgenic rice plants were more tolerant of cold stress (4°C) than wild-type plants.

Cold stress-induced marker genes were more enhanced in *Ubi:CaPUB1* transgenic plants than in wild-type plants under low temperature conditions
-----------------------------------------------------------------------------------------------------------------------------------------------

To investigate whether *CaPUB1* affects the expression profiles of cold-stress related genes in rice, we conducted real-time quantitative RT-PCR (qRT-PCR). Both wild-type and transgenic lines were subjected to cold stress (4°C) for 0 or 24 h, after which total RNA was isolated from the shoot tissue. The expression patterns of cold stress-induced marker genes, including *DREB1A*, *DREB1B*, *DREB1C*, and *Cytochrome P450*, were observed by qRT-PCR using gene-specific primer sets ([Table 1](#t1-molce-39-3-250){ref-type="table"}). The results in [Figure 4](#f4-molce-39-3-250){ref-type="fig"} demonstrate that there was no significant difference between the transcripts levels of these four marker genes in wild-type and transgenic lines under normal growth conditions. However, after cold-stress treatment, all four marker genes displayed higher induction level in *CaPUB1-*overexpressors than in wild-type plants. These results suggest that the cold stress-tolerant phenotypes of the *Ubi:CaPUB1* plants were correlated with increased levels of cold stress-induced gene expression.

DISCUSSION
==========

*CaPUB1* was previously identified as an abiotic stress-induced gene that encodes a U-box E3 Ub ligase in hot pepper (*Capsicum annuum* c.v. pukang) ([@b5-molce-39-3-250]). Ectopic expression of *CaPUB1* in the dicot model plant *Arabidopsis* results in phenotypes that exhibit hyper-sensitive responses to dehydration, suggesting that it plays a negative role in the drought stress response ([@b5-molce-39-3-250]). In this study, *CaPUB1* was constitutively overexpressed in rice, a monocot model plant, and *CaPUB1*-overexpressing transgenic plants (*Ubi:CaPUB1*) were characterized in terms of their drought and cold stress responses. The results reveal that *Ubi:CaPUB1* lines are more sensitive to water deficit than wild-type rice plants, as determined by survival rates, total leaf chlorophyll content, and the rate of water loss from above-ground parts ([Fig. 2](#f2-molce-39-3-250){ref-type="fig"}). These results are consistent with the drought-sensitive phenotypes of *CaPUB1*-overexpressing *Arabidopsis* plants, implying that the role of the molecule as a negative regulator of the response to drought is conserved in both dicot *Arabidopsis* and monocot rice plants.

In contrast to drought stress responses, the *Ubi:CaPUB1* transgenic plants exhibited phenotypes highly tolerant to low temperature stress. After 6 days of exposure to 4°C, the *CaPUB1*-overexpressing lines displayed healthy green leaves with larger amounts of total chlorophyll and lower rates of electrolyte leakage, along with over 60% survival rates, as compared to wild type plants (0--2.8% survival rates) ([Fig. 3](#f3-molce-39-3-250){ref-type="fig"}). Thus, during the extended low temperature treatment *Ubi:CaPUB1* plants appeared to retain a higher level of photosynthetic ability and experience less membrane disruption than wild-type plants. Based on these results, we concluded that the overexpression of *CaPUB1* conferred tolerance to cold stress on transgenic rice plants.

qRT-PCR analysis showed that after cold treatment, the expression levels of *OsDREB1A/CBF3*, *OsDREB1B/CBF1*, and *OsDREB1C/CBF2* were much higher in *Ubi:CaPUB1* transgenic lines than in wild-type plants ([Fig. 4](#f4-molce-39-3-250){ref-type="fig"}). These transcription factor genes are induced during an early stage of the cold response, in order to activate diverse sets of cold-responsive genes in rice ([@b8-molce-39-3-250]; [@b11-molce-39-3-250]; [@b27-molce-39-3-250]). A number of studies proposed that DREBs serve as a major regulatory network acting in response to low temperature conditions (Agarwal et al., 2013; [@b28-molce-39-3-250]; [@b39-molce-39-3-250]). The over-expression of *DREBs* increased tolerance to cold stress in transgenic rice plants, in terms of growth, ROS scavenging, and hormone metabolism ([@b11-molce-39-3-250]; [@b32-molce-39-3-250]; [@b39-molce-39-3-250]). However, the constitutive expression of *DREBs* often resulted in dwarf phenotypes even under normal growth conditions ([@b8-molce-39-3-250]; [@b9-molce-39-3-250]; [@b34-molce-39-3-250]). It is worth noting that *Ubi:CaPUB1* transgenic rice plants did not exhibit detectable growth retardation ([Fig. 1D](#f1-molce-39-3-250){ref-type="fig"}). This could be due to that, in contrast to constitutive expression, the basal levels of *OsDREB1A/CBF3*, *OsDREB1B/CBF1*, and *OsDREB1C/CBF2* were very low under normal conditions, but were more up-regulated by the cold treatment in *Ubi:CaPUB1* plants than in wild-type plants.

In addition, *Ubi:CaPUB1* showed the enhanced expression level of *Cytochrome P450* (*CYP709C9*) after 4°C treatment. Although the roles of *Cytochrome P450 (CYP709C9)* have not been clearly understood, it was previously reported that it could function as a potential marker gene for oxidative stress tolerance in rice ([@b16-molce-39-3-250]). Consistent with this notion, C*ytochrome P450* (*CYP709C9*) was induced by exposure to low temperatures, methyl viologen, and arsenate treatments ([@b27-molce-39-3-250]; [@b29-molce-39-3-250]). Furthermore, *Cytochrome P450* (*CYP709C9*) was down-regulated in *Ubi:OsSPX1*-antisense transgenic rice plants that displayed phenotypes hypersensitive to cold stress ([@b33-molce-39-3-250]).

Thus, we speculate that CaPUB1 increases the expression of DREB cold-responsive transcription factors and cytochrome P450 by an as-yet unidentified mechanism, which, in turn, confers tolerance to cold stress on transgenic rice plants. Because CaPUB1 is a U-box E3 Ub ligase and possesses neither a DNA binding domain nor a transcription activator domain, we ruled out the possibility that CaPUB1 directly binds to the upstream regions of *OsDREBs* and *Cytochrome P450* and induces them. Alternatively, we hypothesized that CaPUB1 ubiquitinates and triggers the proteasome-dependent degradation of a negative factor that inhibits the expression of cold-responsive genes.

*Ubi:CaPUB1* transgenic rice plants displayed similar morphological phenotypes as compared to wild-type rice under normal growth conditions ([Fig. 1D](#f1-molce-39-3-250){ref-type="fig"}). It was previously reported that over-expression of *CaPUB1* in *Arabidopsis* caused enhanced vegetative growth and early bolting ([@b5-molce-39-3-250]). These results suggest that ectopic expression of *CaPUB1* may exert different effects on growths of monocot rice and dicot *Arabidopsis* plants.

A database search revealed three potential CaPUB1 orthologs, OsPUB31, OsPUB32, and OsPUB33 with 41%, 43%, and 44% amino-acid identities, respectively, in rice ([Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}). Cellular functions of these three rice U-box E3 homologs are not currently unraveled. Elucidation of the roles of rice U-box E3 Ub ligases will provide more detailed responses to drought and cold stresses in crop plants.

The over-expression of *CaPUB1* decreased tolerance to water deficit, but enhanced tolerance to cold stress in rice ([Figs. 2](#f2-molce-39-3-250){ref-type="fig"} and [3](#f3-molce-39-3-250){ref-type="fig"}). This raises the possibility that CaPUB1 is involved in the cross-talk of the signaling pathways of two different environmental stresses: drought and cold. Although a number of studies proposed that diverse E3 Ub ligases play regulatory roles in response to abiotic stresses, understanding their roles in the cross-talk between different stress responses is still rudimentary. In *Arabidopsis*, the suppression of *AtATL78*, a RING-type E3 Ub ligase, resulted in increased cold tolerance, but decreased drought tolerance, suggesting that it plays a role in the crosstalk between the drought and cold stress responses ([@b13-molce-39-3-250]). Thus, additional experiments are required to elucidate the detailed mechanisms, by which CaPUB1 plays an opposite role in the drought stress and cold stress responses of transgenic rice plants.

In conclusion, our data suggest that the constitutive expression of a U-box E3 ubiquitin ligase *CaPUB1* increases tolerance to cold stress and decreases tolerance to drought stress in rice, a monocot model crop plant. Our study also suggests that *CaPUB1* could be utilized as a genetic material to investigate the novel regulatory module for two environmental stresses, drought and low temperature. In addition, enhanced tolerance to cold stress of *CaPUB1*-overexpressing rice plants may have an advantage for preventing decrease in rice production caused by chilling injury during their vegetative stage in temperate regions.

Note: Supplementary information is available on the Molecules and Cells website ([www.molcells.org](www.molcells.org)).
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![Construction of *CaPUB1-*overexpressing transgenic rice plants. (A) Schematic representation of the *CaPUB1* overexpression binary vector construct. RB, right border; *pUbi*, maize ubiquitin promoter; NOS-T, NOS terminator; *p35S*, 35S CaMV promoter; *Hpt*, hygromycin phosphotransferase; T7-T, T7 terminator; LB, left border. A solid line indicates a DNA probe for genomic Southern blot analysis. (B) RT-PCR analysis of wild-type and *Ubi:CaPUB1* T3 transgenic (lines \#1 and \#2) rice plants. *OsUBQ10* was used as a loading control. (C) Identification of two independent transgenic lines by DNA gel blot analysis. Genomic DNA was isolated from mature leaf tissues and digested with *Eco*RI restriction enzyme. The DNA gel blot was hybridized with ^32^P-labeled *HPT* probe. (D) Morphology of 3-month-old wild-type and *Ubi:CaPUB1* T3 transgenic rice plants under normal growth conditions. Scale bars = 10 cm.](molce-39-3-250f1){#f1-molce-39-3-250}

![The *Ubi:CaPUB1* transgenic rice plants displayed decreased tolerance to drought stress. (A) Light-grown, 6-week-old wild-type and T3 *Ubi:CaPUB1* transgenic rice plants were subjected to drought stress (left panel). Survival rates of wild-type and *CaPUB1-*overexpressing transgenic lines were determined after drought stress. Data represent means ± SD (n = 38 plants) from four biological replicates for line \#1 and five biological replicates for line \#2 (right panel). (B) Total chlorophyll content of wild-type and *CaPUB1*-overexpressing plants before and after drought stress. Wild-type and *Ubi:CaPUB1* transgenic plants were grown for 6 weeks and further grown with or without irrigation. Total amounts of chlorophyll a + chlorophyll b in leaf discs were measured. Data indicate means ± SD (n = 20 plants) from two independent experiments. (C) *CaPUB1*-overexpressing rice plants lost water more rapidly than wild-type plants during drought stress. Aerial parts of 5-week-old wild-type and *CaPUB1*-overexpressing T3 transgenic plants were detached and their fresh weights were measured at indicated time points. Data represent means ± SD from three independent experiments.](molce-39-3-250f2){#f2-molce-39-3-250}

![*Ubi:CaPUB1* transgenic rice plants were tolerant to cold stress. (A) Overexpression of *CaPUB1* conferred enhanced tolerance to cold stress on transgenic rice plants. Wild-type and T3 transgenic plants were grown for 6 weeks under normal growth conditions. After another 6 days of exposure to 4°C, plants were transferred to 28°C for recovery (left panel). The cold stress survival rates of wild-type and *Ubi:CaPUB1* transgenic rice plants were monitored. Data represent means ± SD (n \> 36 plants) from five biological replicates (right panel). (B) Total chlorophyll content of wild-type and *CaPUB1*-overexpressing plants before and after cold stress. Light-grown, 6-week-old wild-type and *Ubi:CaPUB1* transgenic rice plants were grown for another 6 days under normal or low temperature conditions. Amount of total chlorophyll a + chlorophyll b in leaves was estimated. Data indicate the means ± SD (n = 30 plants) from three independent experiments. (C) Electrolyte leakage assay. Electrolyte leakage values were determined after 4°C treatment. Data represent the means ± SD (n = 30 plants) from three independent experiments.](molce-39-3-250f3){#f3-molce-39-3-250}

![Real-time qRT-PCR analysis of cold stress-inducible genes in wild-type and *Ubi:CaPUB1* transgenic plants. Total RNA was extracted from wild-type and two *CaPUB1*-overexpressing independent lines before and after cold treatment (4°C). Total RNA was analyzed by qRT-PCR using the gene-specific primer sets listed in [Table 1](#t1-molce-39-3-250){ref-type="table"}. The graphs indicate the relative expression levels of *OsDREB1A*, *OsDREB1B*, *OsDREB1C*, and *OsCytochromeP450* in wild-type and *Ubi:CaPUB1* plants. The mean values of the three technical replicates were normalized to the level of *OsACTIN* mRNA as an internal control.](molce-39-3-250f4){#f4-molce-39-3-250}

###### 

PCR primer sequences used for this article

                          Primer Name                      Sequence (5′-3′)
  ----------------------- -------------------------------- ------------------------------
  RT-PCR                  *OsUBQ10* RT FW                  5′-ATGCAGATCTTTGTGAAGAC-3′
  *OsUBQ10* RT RV         5′-TTACTGACCACCACGGAGGC-3′       
  *CaPUB1* RT FW          5′-CAATCCCTTACGAGCATAGAG-3′      
  *CaPUB1* RT RV          5′-TTGGTAGTGTGGATGCTTCT-3′       
  Genomic Southern blot   *HPT* probe FW                   5′-GAGCCTGACCTATTGCATCTC-3′
  *HPT* probe RV          5′-AGTACTTCTACACAGCCATCGG-3′     
  Real-time qRT-PCR       *OsDREB1A* FW                    5′-AGCCGTCCTCGTGTAGAAACAG-3′
  *OsDREB1A* RV           5′-TCGTCACTGTAGTTCTCGTGCAG-3′    
  *OsDREB1*B FW           5′-AGAGAGTCATCCATGGAGGTGGAG-3′   
  *OsDREB1B* RV           5′-TCGTCTCCCTGAACTTGGTCCTTC-3′   
  *OsDREB1C* FW           5′-AGCTACTGATGATCGCGAGTTGG-3′    
  *OsDREB1C* RV           5′-AGGAGGAGCAAAGCTGGTTGAG-3′     
  *OsCytochromeP450* FW   5′-CCCACAACTGAGCATGGATGAG-3′     
  *OsCytochromeP450* RV   5′-GCAAGTGTGATGTGGTGTCATGC-3′    
  *OsACTIN* FW            5′-CGTATGAGCAAGGAGATCAC-3′       
  *OsACTIN* RV            5′-CACATCTGTTGGAAGGTGCT-3′       
